Methanohalophilus levihalophilus sp. nov., a slightly halophilic, methylotrophic methanogen isolated from natural gas-bearing deep aquifers, and emended description of the genus Methanohalophilus Kanto Natural Gas Development Co., Ltd, 661 Mobara, Mobara, Japan A mesophilic, slightly halophilic, obligately methylotrophic, methanogenic archaeon, designated strain GTA13
Until now, all described methanogens that utilize methyl compounds have been affiliated with the order Methanosarcinales. Within this order, the methylotrophic methanogens 'Methanococcoides vulcani' (L' Haridon et al., 2014) , Methanolobus profundi (Mochimaru et al., 2009) , Methanolobus zinderi (Doerfert et al., 2009) , Methanosarcina baltica (von Klein et al., 2002) , Methanosarcina horonobensis (Shimizu et al., 2011) and Methermicoccus shengliensis (Cheng et al., 2007) were originally isolated from deep subsurface environments such as marine sediments, formation waters from oil and gas reservoirs, and coal beds. It has been reported that methylotrophic methanogens are predominantly detected among archaea in coal seams (Dawson et al., 2012; Guo et al., 2012; Shimizu et al., 2007; Wawrik et al., 2012) and they have been suggested to be associated with the anaerobic degradation of coal to methane (Strąpoć et al., 2010) .
In this study, we describe the isolation and characterization of a methylotrophic, methanogenic archaeon, namely GTA13 T , from confined aquifers recharged by palaeo-seawater in a natural gas field in Japan.
The Minami-Kanto gas field, where natural gases are dissolved in formation water, is located in central Japan. Approximately 90 % (by volume) of the total domestic production of natural gas of this type is produced in this gas field (Mochimaru et al., 2009) . A gas-associated formation water sample was collected from the confined aquifers through the commercial production well located in Kujukuri town, Chiba prefecture, in January 2012. The water sample was taken from a depth of approximately 180-800 m below ground level. In this depth range, the reservoir rocks are comprised of an alternation of sandstone and mudstone, which were deposited in deep marine environments during the Plio-Pleistocene period. The water temperature was 19.5 u C, the pH was 7.5, and the redox potential was 2313 mV. The Cl 2 concentration was 15 000 mg l
21
. The water samples collected were dispensed in 60 ml aliquots into 100 ml serum vials sealed with butyl rubber stoppers and aluminium crimps under an atmosphere of N 2 /CO 2 (80 : 20, v/v). The culture was supplemented with methanol and trimethylamine (TMA) (20 mM final concentration) and incubated at 25 uC for approximately one year. To further enrich for methanogens, this initial culture was subsequently cultured with a saline mineral medium (Mochimaru et al., 2009) , which was neutral (pH 7.0) and composed as follows: 10 mM NH 4 Cl, 1 mM KH 2 PO 4 , 15 mM MgCl 2 . 6H 2 O, 1 mM CaCl 2 . 2H 2 O, 350 mM NaCl and 30 mM NaHCO 3 , supplemented with 1 ml selenium and tungsten solution, 1 ml trace elements solution, 2 ml vitamin solution (Sekiguchi et al., 2000) and 1 ml resazurin solution (1 mg ml
). A total of 2 ml of the initial culture was inoculated into a 50 ml serum vial containing 20 ml of the saline mineral medium amended with 20 mM TMA, 0.1 mM titanium (III) citrate, 5 mM coenzyme M (2-mercaptoethane sulphonic acid), and vancomycin and kanamycin (each 50 mg ml 21 ), and cultured under the same conditions as those of the initial culture. When the culture showed methane production, it was transferred to fresh medium, and the above procedure was repeated three times. Isolation of strain GTA13
T was accomplished from repeated inoculations using slant cultures containing 0.8 % agar with a serial dilution up to 10 28 fold. Cell cultures used for all experiments were prepared in saline mineral medium amended with 20 mM TMA and Na 2 S . 9H 2 O and cysteine hydrochloride (each 0.5 g l 21 ) unless indicated otherwise.
All physiological experiments were performed in triplicate. Cell morphology was observed via phase-contrast (Olympus BX51) and transmission electron (Hitachi H-7600) microscopy. A Gram-staining kit (BD) was used for Gram staining. Susceptibility tests were performed as described by Boone & Whitman (1988) . The effects of temperature, pH and concentrations of Na + and Mg 2+ on cell growth were determined on the basis of increases in optical density at 600 nm. The following substrates were tested for utilization (20 mM unless stated): H 2 /CO 2 (80 : 20, v/v; 100 kPa), acetate, formate, ethanol, methanol (2 and 4 mM), ethylamine, dimethylamine, TMA and dimethyl sulphide (5 mM). Substrate utilization was determined by the measurement of methane and by cell growth. The effect of methanol concentration on cell growth was determined by the comparison of growth with TMA (20 mM) plus methanol at concentrations of 0, 4, 8 and 12 mM. Sensitivity to antibiotics was determined by growth in the presence of the following compounds (100 mg l 21 ): ampicillin, kanamycin, penicillin G, tetracycline and vancomycin.
The 16S rRNA and mcrA genes were amplified and sequenced. The mcrA gene sequence was translated to the amino acid sequence in silico and aligned with those of related taxa using CLUSTAL W implemented in MEGA v.5.2 (Tamura et al., 2011) . A phylogenetic analysis of 16S rRNA and mcrA gene sequences was performed as described previously (Kanno et al., 2013) . The inferred amino acid sequences with 223 aa of the mcrA gene were used for analysis. The G+C content of the genomic DNA was determined by HPLC with a UV detector.
Cells of strain GTA13
T were non-motile, Gram-stain negative, slightly irregular cocci (0.7-1.0 mm in diameter) and usually occurred singly, in pairs (Fig. 1a) or as small aggregates. In thin-section electron micrographs, a thick cell-wall was not observed (Fig. 1b) . Strain GTA13 T showed fluorescence under UV light (420 nm), which is typical of methanogens. Cells lysed in 0.01 % (w/v) SDS solution and distilled water. Colonies in deep agar medium were circular with entire margins, flat and brown in colour. 
Strain GTA13
T utilized tri-and dimethylamine as energy and carbon sources, but not H 2 /CO 2 , acetate, formate, ethanol, methanol, ethylamine or dimethyl sulphide. In the presence of methanol, the inhibition of cell growth was observed at concentrations of 4 mM and higher. Vitamins were required for growth, whereas coenzyme M (5 mM), tungsten and selenium were not. Addition of acetate (4 mM), tryptone (0.1 %) or coenzyme M did not stimulate growth and methane production. The addition of yeast extract (0.1 %) slightly inhibited growth. Growth and methane production occurred at 20-40 u C but not at 15 or 45 uC. The pH range for growth was pH 6.2-8. 
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that strain GTA13
T is a slightly halophilic methanogen, i.e. growing preferably at 0.3-0.8 M NaCl (Ollivier et al., 1994) . Strain GTA13
T was resistant to ampicillin, kanamycin, penicillin G and vancomycin and sensitive to tetracycline. Growth was slightly inhibited in the presence of vancomycin.
Analysis of the 16S rRNA and mcrA gene sequences revealed that strain GTA13
T was affiliated with the family Methanosarcinaceae (Fig. 2) . On the basis of sequence similarity of the 16S rRNA genes, the type strains found to be related most closely to strain GTA13 T were members of the genus Methanohalophilus: Methanohalophilus portucalensis FDF-1 T (96.4 %), Methanohalophilus halophilus DSM 3094 T (96.0 %) and Methanohalophilus mahii DSM 5219 T (94.3 %). The deduced amino acid sequence of the mcrA gene showed the highest similarity with those of members of the genus Methanomethylovorans (88.6 %), while similarity with those of members of the genus Methanohalophilus was 87.3 %. Phylogenetic trees based on both 16S rRNA and mcrA gene sequences showed that strain GTA13 T formed a cluster with the genus Methanohalophilus (Fig. 2 ). An environmental 16S rRNA gene clone, MOB7-2, sharing high sequence similarity (98.2 %) with strain GTA13
T has been recovered from the aquifers in a different site of MinamiKanto gas field (Mochimaru et al., 2007) (Fig. 2) . The DNA G+C content of strain GTA13 T was 43.7 mol%.
Within the family Methanosarcinaceae, the 16S rRNA gene sequences of type strains share less than 95 % similarity with those assigned to different genera. On the basis of this criterion and the phylogenetic relationship shown in Fig. 2 , GTA13 T should be assigned to the genus Methanohalophilus. However, strain GTA13
T is different from the species of the genus Methanohalophilus in several physiological characteristics (Table 1 ). The species of the genus Methanohalophilus are known to be moderately halophilic methanogens (Boone, 2001) , i.e. they grow in the presence of NaCl and preferably with 0.8-3.4 M NaCl, whereas strain GTA13
T is a slight halophile. In addition, the species of the genus Methanohalophilus grow with methanol, but strain GTA13
T does not. Within the family Methanosarcinaceae, these physiological differences have also been found among species in the same genus. Methanosarcina baltica (von Klein et al., 2002) and Methanosarcina semesiae (Lyimo et al., 2000) are slight halophiles, whereas other members of this genus are halotolerant (i.e. grow in the absence and presence of NaCl), showing that the extent of halotolerance is different among the species of the genus Methanosarcina. Methanococcoides alaskense does not utilize methanol, but the other two species in the genus Methanococcoides do (Singh et al., 2005) .
On the basis of its phylogenetic and physiological characteristics, strain GTA13
T is considered to represent a novel species of the genus Methanohalophilus, for which the name Methanohalophilus levihalophilus sp. nov. is proposed.
Emended description of the genus Methanohalophilus
The description is based on that by Wilharm et al. (1991) and Boone (2001) . Cells are non-spore-forming, non-motile, Gram-stain negative, irregular cocci that occur singly or in small clumps. Strictly anaerobic. Lysed by detergent or hypotonic shock. Cells grow on methylamines. Formate, hydrogen and acetate are not catabolized. Slight or moderate halophiles. Fastest growth at near neutral pH and temperatures of 35-40 u C.
Description of Methanohalophilus levihalophilus sp. nov.
Methanohalophilus levihalophilus (le.vi.ha.lo9phi.lus. L. adj. levis slight; Gr. n. hals halos salt; N.L. adj. philus friend, loving; N.L. masc. n. levihalophilus slight salt-loving).
Cells are Gram-stain negative, non-motile, slightly irregular cocci (0.7-1.0 mm in diameter) and occur singly, in pairs and in small aggregates. Tri-and dimethylamine serve as catabolic substrates with methane as the product. Methanol, dimethyl sulphide, acetate, formate and hydrogen are not utilized. Vitamins, sodium and magnesium are required for (Paterek & Smith, 1988; Wilharm et al., 1991) ; 4, Methanohalophilus portucalensis FDF-1 T (Boone et al., 1993) . MA, methylamines; ME, methanol. ), was isolated from natural gas-bearing confined aquifers recharged by palaeo-seawater in the Minami-Kanto gas field, Japan. The DNA G+C content of the type strain is 43.7 mol%.
